Negative Pressure Wound Therapy (NPWT), a widely used modality in the management of surgical and trauma wounds, offers clear benefits over conventional wound healing strategies. Despite the wide-ranging effects ascribed to NPWT, the precise molecular mechanisms underlying the accelerated healing supported by NPWT remains poorly understood. Notably, cellular redox status-a product of the balance between cellular reactive oxygen species (ROS) production and anti-oxidant defense systems-plays an important role in wound healing and dysregulation of redox homeostasis has a profound effect on wound healing. Here we investigated potential links between the use of NPWT and the regulation of antioxidant mechanisms. Using patient samples and a rodent model of acute injury, we observed a significant accumulation of MnSOD protein as well as higher enzymatic activity in tissues upon NPWT. As a proof of concept and to outline the important role of SOD activity in wound healing, we replaced NPWT by the topical application of a MnSOD mimetic, Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin (MnTE-2-PyP 5+ , MnE, BMX-010, AEOl10113) in the rodent model. We observed that MnE is a potent wound healing enhancer as it appears to facilitate the formation of new tissue within the wound bed and consequently advances wound closure by two days, compared to the non-treated animals. Taken together, these results show for the first time a link between NPWT and regulation of antioxidant mechanism through the maintenance of MnSOD activity. Additionally this discovery outlined the potential role of MnSOD mimetics as topical agents enhancing wound healing.
Introduction
Management of acute and chronic wounds is one of the important clinical challenges faced by modern societies [1] . The increasing incidence of diseases such as diabetes and peripheral vascular disease, coupled with an aging population, are likely to be associated with an increase in non-healing and chronic wounds, which can lead to severe consequences such as limb amputations or untimely deaths [2] . Wound management already represents a significant economic burden on healthcare systems, which is expected to increase significantly due in part to better life expectancy, and therefore, the probability of prolonged care for chronic diseases that amplify the risk for acute and/or chronic wounds. As such, there is a heightened realization to design better and effective therapeutic strategies in order to achieve more optimized and efficient wound healing [3, 4] .
Skin wound healing is a complex physiological process that results in tissue repair and regeneration. It is organized into four major and overlapping phases: haemostasis, inflammation, proliferation and remodelling [5] [6] [7] [8] . Haemostasis begins as soon as the tissue is damaged, and is achieved through platelet plugging and fibrin matrix formation.
https://doi.org/10.1016/j.redox.2018. 10 .014 Received 19 June 2018; Received in revised form 30 September 2018; Accepted 17 October 2018 This is followed by neutrophil recruitment, which marks the start of the inflammatory stage. The second phase of inflammation occurs around 48 h following injury and is characterized by monocyte recruitment and differentiation into macrophages, clearing the wound site and coordinating the later stages of wound healing through cytokine production [8] [9] [10] . The proliferation phase is associated with the formation of new tissue to replace the fibrin matrix to facilitate scar formation and closure of the wound: this is mostly achieved through fibroblast migration, restoration of vascularization (angiogenesis), granulation tissue formation (fibroblasts, new blood capillaries and macrophages) and keratinocyte migration on the upper layer of granulation tissue [5, 7, 8] . Some fibroblasts then undergo differentiation into myofibroblasts, which are involved in wound contraction, bringing the wound edges together. The remodelling phase involves the removal of cells recruited to the wound in the previous stages through apoptosis, and restoration of the collagen structure [7] . The underlying mechanisms involved in the wound healing process(es) as well as the factors that regulate and/or impede the cellular responses are complex and not fully understood [6, 11] . Therefore, despite the huge advances in medicine in the last century, improvements in wound care and management have occurred at a much slower pace [11, 12] . The therapeutic efficacy of adjuncts in wound healing has been reported; however, the overall benefits of most techniques have been marginal.
NPWT is a modality that has shown great promise [13, 14] and delivered significantly better results in the clinical care of acute as well as chronic wounds, such as diabetic foot ulcers [6, [15] [16] [17] . It is designed to seal the wound site using foam dressing linked to an electronic pump, which applies a pressure ranging from − 75 to − 125 mmHg. As a matter of fact, NPWT's impact on wound healing appears to be the consequence of multiple effects, each contributing to the overall positive influence on wound healing. More interestingly, the sum of these effects makes NPWT a suitable tool to treat diverse type of wounds such as surgical wounds, acute open wounds or chronic wounds, as it positively influences the various parameters that affect the healing of diverse types of wounds [13, 18, 19] . Among the described positive effects of NPWT are an improvement in blood irrigation of the wound site associated with enhanced angiogenesis [20] [21] [22] . The impact on angiogenesis appears to occur through an increase in VEGF and a modulation of hypoxia response and signaling across the wound [21] [22] [23] [24] . The improvement in perfusion is associated with micro-deformation mechanisms linked to enhanced proliferation and formation of granulation tissue, which is a characteristic of NPWT [13, 22, 25] . The type of mechanical effect triggered by NPWT called microdeformation is the product of the interface created between the wound bed and the wound filler [26] . This effect has been correlated with an improved blood perfusion, angiogenesis and cell proliferation [20, 22, 27, 28] . Though poorly understood it was shown to stimulate bFGF (basic Fibroblast Growth Factor) and the downstream activation of ERK1/2 indicating cell proliferation stimulated through MAPK pathway [28, 29] . Also microdeformation promotes angiogenesis and vascular remodelling through upregulation of VEGF (Vascular Endothelial Growth Factor) which is critical in the elongation and proliferation of endothelial cells but also plays an important role in the regulation of inflammation [22, 29, 30] . Blood flow measurements reinforced the important impact of NPWT in neo-vascularization showing about a five times increase three days after its application [21] . Based on these studies it appears that angiogenesis stimulated by negative pressure therapy is a critical mechanism by which wound healing is promoted and an important parameter in the granulation tissue formation which is characteristic of NPWT treatment.
Additionally, macro-deformation on the wound edges has been associated with oedema reduction and decrease of the wound area through application of compressive forces associated with a suction mechanism that generates contractile forces [31, 32] . Finally, NPWT has been shown to control exudates by clearing excess fluids and has been associated with a decrease in bacterial load, thus potentially decreasing wound infection risks [13] .
While the clinical benefits of NPWT are well documented, the underlying mechanisms that promote the process of wound healing remain poorly understood [13, 25, 33] . There is strong evidence linking molecular oxygen, ROS production and cellular antioxidant defense systems to the different stages of wound healing [34] [35] [36] [37] [38] . Indeed, ROS is involved during the inflammation and angiogenesis phases, and elicit protective activity against pathogens [34, 36] . Variations of antioxidant enzymes activities in skin wounds such as catalase, superoxide dismutase 1 & 2 (SOD 1 and 2), glutathione peroxidase and peroxiredoxins have been described in different models [34] . SOD1 knockout mice exhibit skin damage and impaired wound healing. In addition, expression levels and/or activities of some of these redox modifying enzymes have been shown to be reduced in diabetes, which is associated with impaired wound healing [36, 39] . It is noteworthy that many natural compounds that have been reported to improve wound healing exhibit some antioxidant properties [37, 40, 41] .
In this study we tested the hypothesis that NPWT may impact redox homeostasis of the wound through the modulation of antioxidant mechanisms. Using a rodent model of acute wound induction as well as tissues derived from patients, we provide evidence that NPWT predominantly affects SOD activity, in particular SOD2. We then postulated that the effects of NPWT could be partially recapitulated by the use of a topical SOD2 mimetic (MnTE-2PyP 5+ ; MnE). MnE has been shown to distribute preferentially in mitochondria, both in Saccharomyces cerevisiae and in mice [42] [43] [44] , and is currently undergoing clinical evaluation for the treatment of atopical dermatitis and itch, hence the justification for its utility in wound healing. Indeed, we provide evidence that topical application of MnE accelerates and promotes the process of wound healing in the rodent acute wound model, thus highlighting a novel application of SOD2 mimetics in wound therapy.
Material and methods

Collection of patient-derived tissue
This study was approved by the Institutional Review Board of Singapore (Ref n°2012/00251). Skin subcutaneous fat and fascia samples were obtained from surgically removed tissue. The tissue was surgically debrided from the acute wounds of patients following trauma, after which Negative Pressure Wound Therapy (NPWT) dressings were applied. Surgery was performed at the time of injury, and at varying durations for follow up wound debridement and dressing change, before definitive wound coverage or closure was performed. All surgical procedures performed were part of the clinical care. The harvested tissue was subsequently snap frozen in liquid nitrogen before processing for biochemical analysis.
Rodent injury model
The protocols used in this study were approved and validated by the IACUC (protocol R14-476) and were adapted from a previously published model [14] . For the rats treated with Negative Pressure apparatus, on day 1 and after anaesthesia with isoflurane, the back of the rats were shaved and prepped with betadine. A 2*2 cm full thickness wound was then created on the dorsa of the animals. The animals were divided into 2 groups: a control group which received NPWT dressing without suction and an experimental group of rats receiving the standard NPWT dressing subjected to negative 125 mmHg of continuous pressure for 4 days. The dressing in both groups was changed every 2 days and the wound cleaned (after anaesthesia) to monitor the wound healing process and prevent unwanted infections. At the first day of wound creation (day 0) and the days when the dressings were changed (days 2 and 4) a biopsy sample of the wounded tissue was collected and snap frozen (similar to what was collected in humans specimen) for further analysis. At day 4 the animals were sacrificed.
The tissue collected was used primarily to prepare protein lysates for western blot analysis and measurement of enzymatic activities. A similar rat model of acute wound used for NPWT was used to test the efficacy of the MnSOD mimetic, MnE. As a proof of concept design, a single dose of MnE was used based on a previous published work using topical application of MnE to prevent skin carcinogenesis [45] and to match the range of total SOD activity measured in NPWT-treated animals. Briefly, after the administration of isoflurane inhalation to anaesthesize the rats, a 1.5 * 1.5 cm full thickness wound was created under sterile conditions on the animal's back with a surgical blade. After wound creation a volume of 500 µL PBS for the control group or 500 µL MnE (5 µM diluted in PBS) was applied topically at the wound site for 10 min. Following the 10 min incubation a piece of sterile gauze soaked with PBS or MnE solution was applied before applying the dressing. The procedure was then repeated every 2 days for 2 weeks and the wound was monitored each time the dressing was changed. Tissue biopsies were collected only at the beginning and the end of the experiment according to the requirements of analysis. During the dressing changes, the wound was irrigated delicately with 1 mL sterile PBS which was collected back for future analysis of wound fluids. The advancement of wound healing was first assessed through clinical observation of the wound, recording pictures and assessment of different parameters related to wound healing. The "raw" parameters measured in cm 2 related to the wound size were total wound area, open wound area and epithelium area and are illustrated in Fig. S1 . These measurements were used to calculate the percentage of wound contraction, percentage of epithelialization and percentage of wound healing using the following formulae commonly used for the assessment of wounds [46, 47] : 
Electrophoresis and western blot analyses
Tissue extracts (20 μg of proteins) were resolved in 8% or 15% polyacrylamide gels (SDS-PAGE) under denaturing conditions and then transferred to 0.45 µm polyvinylidene difluoride (PVDF) membranes (Millipore) as per the manufacturer's instructions. The membranes were incubated with the relevant primary antibodies anti-Catalase, anti-SOD1, anti-Hif1α (Cell Signaling Technology, Danvers, MA, USA), antiβ-actin (Santa Cruz Biotechnology, Dallas, TX, USA), anti-VEGF, antiangiopoietin-2 (Abcam, Cambridge, MA, USA), anti-SOD2 (Merck Millipore, Darmstadt, Germany). The bands were visualized using anti-IgG HRP-conjugated secondary antibodies and ECL Western blotting detection system (Amersham Biosciences, UK) and signal acquisition and quantification were performed using iBright Imager and iBright Analysis Software (Thermo Fisher Scientific, Waltham, Massachusetts, USA).
SOD mimetic
The manganese porphyrine MnE used as an MnSOD mimetic was obtained as 3.96 mM solution in water and prepared as previously described [48] . To obtain a solution of MnE (5 µM) for topical application in the rodent model the stock solution was diluted in PBS and filtered using 0.2 µm filters. The dilution was freshly prepared before each application.
SOD activity measurement
SOD activity was measured using the SOD assay kit as per the manufacturer instructions (Cayman Chemical, Ann Arbor, Michigan, USA). Briefly SOD activity is measured through its ability to inhibit the oxidation of the soluble tetrazolium salt WSP-1 into a soluble yellow formazan dye by the superoxide produced by recombinant xanthine oxidase [49] . Assay buffer composition is as follows: 50 mM Tris pH 8.0, 0.1 mM hypoxanthine and 0.1 mM diethylenetriaminepentaacetic acid. Reaction inhibition by SOD activity is monitored by measuring absorbance at 460 nm. Bovine recombinant SOD1 was used to generate a standard curve to express the results in mU. Linear rate was calculated for each measure (linear rate=Abs460 for 0 mU of SOD/Abs460 for the tested sample) and then plotted to obtain the correspondent activity (in mU) and normalized per microgram of proteins within the tested sample. Final values are expressed in mU/µg protein.
In order to discriminate between SOD1 and SOD2 activities, 3 mM potassium cyanide (KCN) was added to the assay buffer in order to specifically inhibit SOD1. Absorbance obtained with this condition was then compared to the measure performed without KCN in order to have a specific measure of both SOD activities.
Antioxidant capacity measurement
Measurement of total antioxidant capacity was performed using the Antioxidant Assay Kit (Cayman Chemical, Ann Arbor, Michigan, USA) according to the manufacturer's manual. The assay is based on the potential of antioxidants within the samples to inhibit the oxidation by metmyoglobin of the substrate 2,2′-azino-di-[3-ethylbenzthiazoline sulphonate] (ABTS) into ABTS + . The total antioxidant capacity in the sample is compared to a standard curve of Trolox, a water-soluble tocopherol analogue, and is quantified as Trolox equivalents (nM/µg of protein).
Statistical analysis
Each result presented was the result of between 3 and 6 independent experiments. Values measured and represented in graphs are shown as mean ± SEM except for the measurements of effective times for which values are shown as mean ± SD. Two-tail unpaired Student's t-test was used when comparing two groups of values. When more than two groups of values were to be compared the statistical analysis was performed using One-way ANOVA followed by post hoc Dunnett or Sidak multiple comparison test as indicated in figure legends. P-value < 0,05 was considered significant.
Results
NPWT increases SOD2 protein levels in wound tissue derived from patients
In order to investigate the molecular events involved in redox homeostasis and associated with the improvement of wound healing triggered by NPWT, we first performed an analysis on samples obtained from patients with wounds, before and after the application of NPWT. Patient's tissues were collected from acute wounds such as the one shown in Fig. 1A , Measurement of the total antioxidant capacity of these tissues suggest an overall increase in total antioxidant capacity expressed in Trolox Equivalent after NPWT application as shown in Fig. 1B . Next we performed a western blot analysis of these same samples. First, to validate our experimental settings, we confirmed previously published reports demonstrating that NPWT promotes angiogenesis by increasing VEGF dimer levels at day 2 and day 3 in most of the patient samples tested (Fig. 1C , right panel; Fig. S2 ) [22, 29, 50] . Angiopoietin 2, a Tie 2 antagonist and HIF1α target gene, appeared to be normalized or slightly decreasing upon NPWT application at day 2 ( Fig. 1C , left panel) and day 3 (Fig. 1C, right panel) , which corroborates previous reports demonstrating that Negative Pressure normalizes the level of hypoxia within the wound bed and alleviates hypoxia signaling [22, 23] . Based on our results showing an increase in total antioxidant capacity with NPWT and previous work suggesting the involvement of superoxide dismutases in the wound healing process [34] , we checked the levels of SOD1 (Cu/ZnSOD) and SOD2 (MnSOD) in these human samples. While we did not observe a siginficant variation in SOD1 levels, we detected a consistent and reproducible increase in SOD2 levels (Fig. 1C , red lanes; Fig. S2 ). No significant change in the expression of catalase was observed following NPWT application in patients (Fig. 1C ). We also checked the level of NRF2, a major regulator of response to oxidative stress. NRF2 level appeared to be slightly increased in half of the samples tested but not as consistent as the increase in SOD2. These results indicate that NPWT application on human wounds correlates with a regular increase in total antioxidant capacity as well as SOD2 protein level.
NPWT increases total SOD and SOD2 activities in wound tissues derived from patients
In order to decipher the significance of the increase of SOD2 protein levels in human specimens, we then questioned how it correlated with SOD activity in tissues treated with NPWT. We proceeded to measure SOD activity in the collected samples. We observed that total SOD activity was significantly increased two days after Negative Pressure application on the wounds ( Fig. 2A ). However, this measurement did not discriminate between SOD1 and SOD2 activities; the relative contribution of SOD1 activity to total SOD activity is much higher than that of SOD2 [49] . In order to assess the level of SOD2 activity, we inhibited SOD1 by adding 3 mM KCN in the enzymatic reaction volume [49] , which results in a complete inhibition of SOD1 activity, thus allowing for the specific measurement of SOD2 activity (Fig. 2B ). Using this method we then aimed to discriminate between the two enzymes' activities to evaluate if the increase in SOD2 level correlated with an increase in its activity. Notably, Negative Pressure triggered a significant increase in SOD2 activity while SOD1 activity remained relatively unchanged (Fig. 2C ). Altogether these results indicate that NPWT triggers an increase of SOD2 activity within the wounded tissue of patients that correlates with an apparent increase in the protein levels.
NPWT amplifies antioxidant capacity and increases SOD2 protein and activity in a rodent wound model
In order to validate and further investigate the results obtained with the patients' samples, we established a rat model of acute injury based on a previously published protocol [14] . This model allowed us to compare the NPWT-treated group to a control group, which was not possible with the human specimens that we previously collected. Though differences exist between human and rat wound healing mechanisms, the rodent model retains strong similarities that allow quick screening and assays. As seen if Fig. 3A , rats treated with NPWT for 48 h displayed a characteristic increase in granulation tissue formation (black arrow). Mirroring what had been done with the human samples, we measured the total antioxidant capacity of wounded tissues and compared the control and NPWT-treated groups. Results show that, while the total antioxidant capacity of the untreated wounded tissues gradually decreased over time with a significant loss of antioxidant capacity detectable at day 4 (Fig. 3B) , the NPWT treated wounds retained a stable antioxidant capacity (Fig. 3B) . Moreover, similarly to what was observed in the human samples, angiopoietin 2 levels were significantly lower upon NPWT application compared to the control group (Fig. 3C ). VEGF dimer level remained markedly increased with NPWT, although its level was highly induced in the untreated tissues as well ( Fig. 3C, Fig S3A and S3B) . Hif1α level appeared to be mitigated by NPWT application thus confirming the normalizing effect of negative pressure on hypoxia level and consistent with the trends observed for angiopoietin 2 and VEGF ( Fig. 3C; Fig. S3A and S3B ). NRF2 appeared to follow a similar pattern with an observed increase in the control groups while their level were reduced or unchanged upon NPWT ( Fig. 3C; Fig.  S3B ). Furthermore, assessment of SOD2 levels revealed a consistent trend in NPWT treated tissues; SOD2 levels increased earlier (day 2) compared to untreated wounds (Fig. 3C, S3B ). Together, these results demonstrate that tissues treated with NPWT display normalized levels of hypoxia in the wound site, which in turn could be a link to an improved efficiency of the angiogenesis mechanism, as reported elsewhere [22] .
The results obtained with the rodent model corroborate those in human wound specimens, in particular the accumulation of SOD2 in the early stages of wound healing that is significantly observable 48 h after NPWT application. Next, we proceeded to the measurement of SOD activity in the tissues of the animals following NPWT to validate the results obtained with human patients. In the untreated group, total SOD activity dropped steadily between day 0 and day 4 ( Fig. 4A, left panel) ; however, the total SOD activity remained relatively stable when NPWT was applied to the wounds (Fig. 4A, right panel) . When KCN was added to discriminate between SOD1 and SOD2 activities, we observed a similar trend to the results found with human patients. SOD1 activity decreased overtime in both control and NPWT groups (Fig. 4B, upper  panel) ; however, SOD2 activity was significantly higher at day 2 and day 4 in the NPWT treated group while no change in activity was observed in the control group (Fig. 4B, lower panel) .
Topical application of SOD2 mimetic hastened wound healing in a rodent-injury model
In view of the results presented above, we postulated that higher SOD2 activity may be one of the key events related to the wound healing enhancement triggered by NPWT. As such, we set out to investigate if the beneficial effects of NPWT could be "replaced" by the topical application of SOD mimetics. To do so, we made use of the SOD2 mimetic, MnE, currently undergoing clinical evaluation and displaying a potent SOD activity (Fig. S4A ). Using the aforementioned rodent model of acute injury, MnE (500 µL of 5 μM MnE solution per application) application was used instead of NPWT. MnE was topically applied for 10 min during the change of dressings, every 2 days for 14 days following wound creation (Fig. 5A) . A control group was used for comparison with only PBS solution applied on the wound. The wound healing process was monitored and assessed through measurements of standard parameters commonly used in wounded-animal model studies: formed during wound healing [46, 47] . We observed a visual difference in the kinetics of wound healing between the two groups of animals that was maximal at days 4 and 6, as shown by the size of the open wound area (purple area) shown in Fig. 5B and Fig. S4B . The reduction of the total wound area was not significantly affected by the treatment, though it appeared to decrease slightly faster in the treated than the control group (Fig. 6A) . Evaluation of the wound contraction (% wound contraction=1 −(total wound area day n /Total wound area day 0 )) did not appear to be significantly different between control and treated groups, though once again the contraction seemed to start earlier in the wounds treated with the SOD mimetic (Fig. 6B ). However, there were differences between the control and treated groups when the epithelial area composed of neo-tissue formed-to cover and close the wound-was measured, with a significant difference observed at day 6 (Fig. 6C ). The Gaussian shape of the curves representing the epithelized areas in both groups is due to wound contraction occurring after one week with the inflexion point being attributed to the start of the wound contraction. Interestingly, the amount of neo-tissue formed remained similar in both groups, though it is important to note that the kinetics are different with the SOD mimetic treated animals showing the inflexion point occurring about 2 days earlier than for the control group (Fig. 6C ). This can be interpreted as the SOD mimetic treatment accelerating neotissue formation, thus allowing the wound contraction to start earlier. The assessment of the open-wound area also revealed the positive effect of MnE application, as the open wound area decreased at a faster pace in the treated group with a significant difference at days 4, 6 and 8 compared to the non-treated animals (Fig. 6D ). This result favors our previous interpretation that SOD mimetic treatment appears to promote neo-tissue formation within the wound bed.
Further assessment of the wounds was done by calculating the percentage of epithelialization (% Epithelialization=Epithelium area day n /Total wound area day n . This evaluation of the impact of MnE application on the neo-tissue formation to fill and close the wounds showed a significant shift in the rate of epithelialization; SOD mimetic treatment hastened the kinetics of tissue formation, covering and closing the open wound with a significant improvement of the Fig. 3 . Negative pressure maintains total antioxidant capacity and higher MnSOD protein level in rats treated by NPWT compared to the control rats. A) Pictures of surgical wound at day 0 and after 2 days of NPWT treatment. Characteristic granulation tissue formation can be observed following negative pressure application as indicated by the arrow. B) Measure of total antioxidant capacity (in Trolox equivalent/µg of proteins) in rat samples at day 0 and after 2 and 4 days in control and NPWT groups. Statistical analysis performed comparing day 2 and 4 to day 0 using one-way ANOVA followed by post hoc Dunnett multiple comparison test; * p < 0.05. C) Western blot analysis of rat samples from control and NPWT-treated groups at day 0, day 2 and day 4. Evaluation of the effect of NPWT on NRF2, HIF1α, Angiopoietin 2, VEGF (dimer) and MnSOD with actin used as a loading control. . Statistical analysis performed comparing control and MnE-treated rats at day n using one-way ANOVA followed by post hoc Sidak multiple comparison test; * p < 0.05. Each graph is accompanied by the actual values measured or calculated as explained in the material and methods, SEM and n number of animals (missing n values in percentage of contraction correspond to a "negative contraction" calculated which would not be possible). epithelialization level at day 6 and 8 (Fig. 7A) . To further evaluate this effect and the impact of the treatment we measured the effective times necessary to achieve 25%, 50% and 80% of epithelialization for both groups of animals. As shown in Fig. 7B , MnE application significantly decreased ET25 and ET50 (3.904 and 5.768 days, respectively) compared to the untreated group (5.587 and 7.473 days, respectively). No significant difference was observed for ET80 and this was likely due to the wound contraction occurring in rodent models which in turn masked the differences shown at earlier time points (Fig. 7B) . These data provide evidence that SOD2 mimetic application accelerates epithelialization of the wound by an average of two days compared to the untreated animals.
Finally, the percentage of wound healing parameter, which represents an evaluation of the wound closure over time following the wound creation (% wound healing=1-(open wound area day n /Total wound area day 0 ), was assessed in response to MnE application. As shown in Fig. 7C the wound closure was significantly and positively affected by MnE treatment. The wound healing percentage curves showed a significant enhancement of the wound closure rate levels at days 4, 6 and 8 following the wound creation (Fig. 7C ). We also measured the effective times necessary to achieve 25%, 50% and 80% of wound healing in order to obtain a quantitative estimation of the effect of SOD2 mimetic treatment on the wound closure. These measures showed that the treatment of the wounds with MnE significantly facilitated wound healing as the times required to reach 25%, 50% or 80% of wound closure in the untreated group were 4.707, 6.750 and 9.329 days, respectively, compared to 2.643, 4.653 and 7.189 days, respectively, for the MnE treated group (Fig. 7D) . These results indicate that wound closure in the treated group occurred 2 days in advance compared to the control group. Together, these results provide evidence that topical application of SOD2 mimetic promotes neo-epithelium formation and results in accelerated closure of the wound during the first week. These preliminary results highlight the involvement of SOD2 in the various stages of wound healing and underscore the therapeutic potential of SOD2 mimetics in the effective management of acute and/ or chronic wounds.
Discussion
Wound healing is an important clinical challenge worldwide, and a lot of research has been done in this field in the past decades. Despite the number of published studies, the molecular mechanisms underlying the different phases of wound healing remain insufficiently understood [3, 4] . This is due to the complexity of wound healing, which comprises overlapping phases of inflammation, proliferation and remodelling, and the involvement of a multitude of cell types intervening in tissue repair. The intricacy of this system makes it practically impossible to accurately replicate wound healing in an in vitro model for deep mechanistic investigations to establish the order, the connections, the overlaps and the redundancy of the molecular mechanisms that have been already described. Far less is known about chronic wounds, even though they are a major preoccupation and burden on the healthcare systems of developed countries [39, 51] . Indeed, there is a continued increase in the incidence of chronic wounds due to the combination of an aging population, and associated conditions such as diabetes and vascular disorders, as well as obesity and other metabolic syndromes [6, 39, 51] .
For instance, diabetic foot ulcers are frequently encountered in poorly controlled diabetics, and this in turn can lead to limb amputation [1, 6, 39, 51] . The impaired wound healing observed in diabetes is correlated with a prolonged inflammation phase, a compromised proliferation phase and decreased angiogenesis, which might be partly connected to the high oxidative stress associated with diabetic tissue [37, 39] . Many techniques and innovations have been tried in an effort to enhance wound healing, and new ones are continuously being introduced. NPWT, where a dressing is applied to a sealed wound and negative pressure applied to the wound via a vacuum device, is one of the techniques used widely in clinical practice. While its clinical benefits are well documented, the mechanisms by which it works are still being elucidated.
In this study we aimed to investigate if antioxidant mechanisms could be regulated by the application of NPWT. Indeed, using patient derived wound tissue, we observed a positive correlation between NPWT and total antioxidant capacity. A consistent increase in the level of SOD2 protein in most of the samples tested was also observed, while no changes were observed for catalase and SOD1. This result correlated with an increase in total SOD activity in clinical tissues upon NPWT for two days, suggesting that negative pressure therapy may influence the antioxidant capacity of wounded tissues. Subsequently, in our attempt to identify the specific SOD isoform responsible for the increase in total activity, we identified SOD2 activity as the major contributor in the augmentation of the anti-oxidant capacity upon NPWT application. Notably, these results were corroborated in a rodent model of acute injury; NPWT helped to maintain a higher antioxidant capacity compared to the control group with significant increases in SOD2 protein level and enzymatic activity. In the animal model, the total SOD activity showed the maintenance of a stable activity in the NPWT treated group compared to the control group. With regards to SOD1, its decrease has been seen in control and NPWT groups over time, while SOD2 activity increases over time in NPWT group. Interestingly, the difference in total SOD activity increasing over time in human tissues vs stabilizing in rat tissues could be due to the differences in the human and the rat models. The human subjects experienced a delay between the time of injury (wound initiation) and NPWT application, whereas in the case of the rodent model NPWT dressings were applied immediately after the wound creation, which might be the reason for the observed increase in SOD activity in human samples compared to the maintenance of SOD activity in the rodents. It was also reported that SOD1 activity decreases in skin injuries in rats [52] which was confirmed in our rodent model in both control and NPWT groups. Overall, our results highlight the importance of SODs in wound healing triggered by the higher anti-oxidant response elicited upon NPWT.
Since our results showed that NPWT was associated with an increase in SOD2 activity we then attempted to replace NPWT by topical application of a SOD2 mimetic, MnE, which displays high SOD activity, and due to its positive charge localizes to the mitochondria in a way similar to SOD2 [43, 44] . We observed that MnE promotes wound healing and advances wound closure by two days in the rodent model. From our observations, the open area of the wound appeared to be covered faster by newly formed tissues in the treated group compared to the non-treated animals. Though it has been observed that SODs may play a role in the early inflammation phase, our results may indicate Fig. 7 . Topical application of MnE accelerates wound healing compared to untreated animals. A) Measure of the percentage of epithelialization for both control (PBS) and MnE-treated groups. Statistical analysis performed comparing control and MnE-treated rats at day n using one-way ANOVA followed by post hoc Sidak multiple comparison test; * **p < 0.005. B) Estimation of ET25, ET50 and ET80 in control and MnE-treated animals: effective times observed to achieve 25%, 50% and 80% of epithelialization of the wounds respectively. * p < 0.05. C) Measure of the percentage of wound healing for both control (PBS) and MnE-treated groups. Statistical analysis performed comparing control and MnE-treated rats at day n using one-way ANOVA followed by post hoc Sidak multiple comparison test; * ** * p < 0.005. D) Estimation of ET25, ET50 and ET80 in control and MnE-treated animals: effective times observed to achieve 25%, 50% and 80% of wound healing respectively. * p < 0.05, * *p < 0.01. Graph A and C are accompanied by the actual values for the percentage of epithelialization and wound healing respectively, calculated as explained in the material and methods, with SEM and n number of animals as additional information (remark: the missing value for the second day of MnE treatment was identified as an outlier using the ROUT method and was consequently removed for the accuracy of the analysis).
that the proliferation phase may also be positively affected by SOD2 mimetic treatment. This is in accordance with a previous study using immobilized SOD1 in hydrogels, which showed improved wound healing and promotion of fibroblast proliferation [53] . In addition, previous reports have demonstrated that SOD2 plays an important role in cell migration and proliferation, crucial mechanisms in skin repair [54, 55] . The effect of MnE also helped to confirm an important role of SOD2 in wound healing, as it was previously shown that gene therapy for Sod2 in a rat model of streptozotocin-induced type I diabetes showed an improvement of the poor wound healing associated with diabetes [56] . Based on these results, we postulate that SOD activity might be an important component in the wound healing process enhanced by NPWT, and that using molecules mimicking SOD activity could represent a promising strategy to promote wound healing. This hypothesis was further supported by previous work showing that diabetes is correlated with diminished SOD2 activity, and that restoration of its expression in endothelial progenitor cells transplanted onto the wounds of diabetic mice restored angiogenesis and wound repair [57] .
Finally, many molecules previously tested for their ability to enhance wound healing actually display antioxidant properties [40, 41, 58] . Using SOD mimetic molecules in chronic wounds has two potential benefits: firstly, it would act as a replacement for a very specific enzymatic activity in wound healing that is impaired, thus restoring a physiological process with a low risk of triggering unwanted side effects. Secondly, it can be used as a tool to unravel the roles of SOD2 activity and ROS modulation in wound healing. Further investigations would be required to decipher the full scope of the role of SODs, and the impact of using SOD mimetics, on wound healing. In particular, the role that SOD2 plays in connecting critical mechanisms such as angiogenesis, hypoxia, metabolic remodelling and fibroblast proliferation/differentiation need further evaluation.
Concluding remarks
Our study reports for the first time that NPWT may regulate the antioxidant response of wounded tissues, which in turn correlates with its benefit in wound healing. In addition, we present evidence that SOD activity is a strong inducer of wound healing, as evidenced by the improved wound healing upon the topical application of MnE. This suggests an interesting therapeutic potential for SOD2 mimetics, particularly in the context of non-healing wounds. The use of such molecules in conjunction with NPWT, in particular with the modern systems of NPWT with wound instillation, could also lead to a strong healing effect on recalcitrant wounds.
